In the present work hard turning of AISI 52100 steel has been performed using PCBN tools. The input parameters considered are cutting speed, feed, depth of cut, Nose radius and negative rake angle and the measured responses are machining force (F M ) and surface roughness (Ra). Experiments are planned as per Center Composite rotatable Design (CCD) of Response Surface Methodology (RSM). Investigative analysis on the effect of input parameters on the response is carried out using main effects plot and response surface plots. Further, a multi-objective optimization is performed with RSM and Grey Relational Analysis (GRA) integrated with Principle Component Analysis (PCA). Results demonstrated that negative rake angle is the paramount factor affecting the response followed by feed, speed, depth of cut, and nose radius. The optimum cutting parameters obtained are cutting speed 1000 rpm, feed 0.02 mm/rev, depth of cut 0.4 mm, Nose radius 1 mm and Negative rake angle 5°K eywords: Hard turning, AISI 52100 steel, Machining force, Surface roughness, Grey relational analysis.
Introduction
Turning of hardened steels with hardness greater than 45 HRC is known as hard turning. Grinding is replaced by hard turning for hardened steel for finishing operations due to its process flexibility, high material removal rate, short cycle time and absence of coolant (König et al. 1984; Tönshoff et al. 2000) . The differences between conventional machining vs hard turning was given away in Fig.1 . (Dogra et al., 2010) . Fabrication of complex parts with the help of hard turning leads to reduction of manufacturing cost by 30% (Huang et al., 2007) . Meddour et al. (2015) revealed that the force components were notably influenced by depth of cut followed by feed rate during AISI 52100 hard turning. Vrabeľ et al. (2016) reported that surface roughness was highly affected by feed rate than cutting speed. Further, the feed rate was the most considerable factor for minimizing cutting force components. Ildikó et al. (2016) disclosed that surface roughness and cutting force components is influenced by cutting speed and feed in hard turning with coated ceramics. Azizi et al. (2016) observed that cutting forces increased as a function of work piece hardness and cutting time when turning was carried out with TiN coated ceramic inserts. Ouahid et al. (2017) noticed that feed rate has the major influence on surface quality and cutting force components majorly influenced by depth of cut. Bartarya and Choudhury (2014) conducted the study with uncoated CBN tool and observed that feed and depth of cut were the most significant parameters affecting the forces. Surface roughness was highly influenced by depth of cut. In hard turning of AISI 52100 steel with PCBN tool feed rate has a significant influence on the surface finish while cutting speed and depth of cut had marginal effect (Gabriel et al., 2015) , the tool geometry nose radius had a great influence (Ravi Sankar and Umamaheswarrao, 2017) . Saurabh et al. (2018) optimized machining parameters during turning of hard porcelain using Taguchi and Response surface methodology. GRA coupled with PCA for multi-objective optimization of parameters was performed by Pradhan (2013) (Dogra et al., 2010) From the literature, it was elucidated that hard turning was the best alternative to grinding owing to its merits. Much emphasis was made on hard tuning of AISI 52100 steel by several researchers due to its applications in various parts of industry. The past studies made a large amount of interest to investigate the effect of cutting parameters on the responses. However, small insight was put on the investigations related to tool geometry such as nose radius, negative rake angle etc. Numerous authors adopted various optimization techniques for improving machining performance and integration of RSM, GRA and PCA was rarely deployed. Hence, the present study was aimed to conduct AISI 52100 steel hard turning using PCBN tools with cutting speed, feed rate and depth of cut as cutting conditions, nose radius and negative rake angle as tool parameters. Machining force and surface roughness were considered as responses. Further, multi response optimization was performed by integrating RSM, GRA and PCA for optimum cutting conditions.
Experimental Details

Workpiece
AISI 52100 steel is used as workpiece with a length of 500 mm and diameter of 48 mm. Length of machining was 30 mm for each experimental run. Hardness of the workpiece used is 57 HRC. In dry condition experiments were carried out using on Kirloskar Turn master-35 type lathe. PSBNR2525 M12 type tool holder was used for mounting inserts. Experimental setup was shown in Fig.3 . The initial cutting parameters were selected as cutting speed 200 rpm, feed 0.02 mm/rev, depth of cut 0.4 mm, nose radius 0.4 mm and negative rake angle 5º. Factors and their levels are given away in Table 1 Optimum combination of various input parameters are determined by deploying GRA and PCA to obtain the best quality characteristics. (Wang et al., 2013; Hotelling H., 1993) . Steps in hybrid GRA-PCA is given away in Fig.4 . Normalized values and Deviational sequences are given away in Table 3 . The obtained Eigen values and Eigen vectors are shown in Table 4 & Table 5 . The GRC and GRG for the experimental runs are shown in Table 6 . Fig.5 shows the variation of GRG with an experimental run. 
Results and Discussion
Figure 5. Experimental Run Vs GRG
The larger GRG indicates the better multiple-performance characteristics and therefore, the levels at which the largest average response was obtained was selected. In the response table (Table 7) negative rake angle has been assigned a rank 1 hence, it is the paramount parameter in controlling the response followed by feed, speed, depth of cut, and nose radius. From the ANOVA analysis, it is clear that negative rake angle contribution is highest (34.03%) followed by feed (33.53%), speed (17.55%), depth of cut (12.12%) and nose radius (2.24%) as shown Table 8 . Estimated regression coefficients for GRG are shown in Table 9 . The regression coefficients are estimated for responses and the modeling is done considering 95% confidence level and hence those terms having P value >0.05 are insignificant. The adequacy of the developed model is judged by the R 2 value and is 98.7% which is beyond 75% indicates the model is in good agreement. Quadratic equation for GRG after eliminating insignificant terms is shown below GRG = 0.519009+0.097888* ν -0.138198*f-0.074085*d+0.007743*r-0.139510* α +0.069325*d*d-0.146210* ν *f +0.063986* ν *d+0.074647* ν *r-0.136719*f*r+0.101436*r* α (1) From the main effect plot (Fig.6) , it is observed that the optimistic grey relational grade can be achieved with Speed = 1000 rpm, feed = 0.02 mm/rev, depth of cut=0.4 mm, nose radius= 1 mm, negative rake angle = 5° respectively. From the response plots (shown in Figure 7 ) it is evident that higher GRG was noticed at higher limits of speed, nose radius and negative rake angle and at lower limits of depth of cut and feed. Nose radius exhibited interaction with speed, feed and negative rake angle. GRG for the obtained optimum combination of parameters was 0.98424 estimated from Eq. 2 and was 22.01% higher than highest GRG in Table 6 , which indicates confirmation of optimality. 
Mean of GRG
Conclusions
The optimization of parameters in hard turning of AISI 52100 steel was carried out with multiple performance characteristics. The experiments were conducted as per Center Composite Rotatable Design (CCD) of RSM and multi-objective optimization was performed using GRA coupled with PCA.
 Optimum parametric settings and their levels were A5B1C1D4E1 i.e (Speed =1000 rpm, feed = 0.02 mm/rev, depth of cut = 0.4 mm, Nose radius = 1 mm and Negative rake angle = 5 o ).  Responses were most significantly affected by negative rake angle followed by feed, speed, depth of cut, and nose radius.  The interaction effect was found among speed and nose radius, nose radius and negative rake angle, feed and nose radius. 
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